Snowball Earth theory provides a powerful framework for understanding 1 of diamictite and carbonate beds (7, 8; Fig. 1 ; Supplementary Figures 1 & 2) . The 25 occurrence of lacustrine sediments containing both precipitated carbonate and 26 ice-rafted detritus throughout the succession, and intermittent evaporative 27 carbonates and fluvial deposits, indicates deposition in a closed terrestrial basin. 28
Tthat the basin remained isolated from the sea throughout deposition of the 29
Wilsonbreen Formation, consistent with due to eustatic sea level fall of several 30 hundred metres during the Marinoanand limited local isostatic depression 31
(Supplementary Information; 12). This makes it an ideal location to investigate the 32 possibility of climate cycles within a Neoproterozoic panglaciation, as it provides 33 direct evidence of subaerial environments and climatic conditions. 34
We made detailed sedimentary logs at ten known and new localities extending 35 over 60 km of strike ( that of the present-day McMurdo Dry Valleys in Antarctica, though with less extreme 68 seasonality due to its low latitude (13) . 69 elsewhere, and marks global deglaciation, eustatic sea-level rise and connection of 87 the basin to the sea (1, 12, 14) . 88
Environmental and atmospheric conditions during deposition of W2 and W3 can 89 be further elucidated by isotopic data from carbonate-associated sulphate in 90 lacustrine limestones ( The evidence for ice-sheet advance/retreat cycles at low latitudes in a CO 2 Figure S10a) . Ice volume remains relatively constant for pCO 2 Figure 10c ). At pCO 2 = 100 mbar, most of the continental ice cover disappears except 134 for remnants over mountain ranges (Supplementary Figure 10d) . 135
To test the sensitivity of the tropical ice sheets to Milankovitch forcing, 136 experiments with changing orbital parameters were initialized using the steady-state 137 ice sheets for pCO 2 = 20 mbar. Although obliquity has been invoked as a possible 138 cause of Neoproterozoic glaciations (24) , this mechanism remains problematical and 139 cannot account for significant climatic oscillations at low latitudes (25, 26) . We 140 therefore focused on precession as a possible driver, and used two opposite orbital 141 configurations favoring cold and warm summers, respectively, over the northern 142 tropics (CSO: cold summer orbit and WSO: warm summer orbit) (Supplementary Figure 14) . Switching between these configurations causes tropical ice-sheets to 144 advance/retreat over several hundred kilometers in 10 kyr (Supplementary Movie 1) , 145 with strong asymmetry between hemispheres (Fig. 3) . Shifting from WSO to CSO 146 causes ice retreat in the southern hemisphere, while ice sheet expansion occurs in 147 the northern hemisphere ( Supplementary Figure 14c- years, on the assumption that a trend in pCO 2 would be evident over longer 163 timescales (21) . Rates of CO 2 build-up, however, may have significantly slowed in the 164 later stages of Snowball Earth due to silicate weathering of exposed land surfaces, so 165 it is possible that the oscillatory phase was more prolonged. 166
The Initiation of low latitude glaciation in the Neoproterozoic requires low pCO 2 167 (0 .1 -1 mbar, 2, 19, 20) , implying that the oscillatory phase was preceded by a 168 prolonged period (~10 6 to 10 7 years) during which pCO 2 gradually increased by 169 volcanic outgassing (21) from the low levels (0.1 -1 mbar) required for glacial 170 initiation.. In the Wilsonbreen Formation, this period appears to be represented 171 solely by the basal weathering horizon, consistent with a 'deep Snowball' state with 172 low temperatures and a limited hydrological cycle. This timescale is consistent with 173 recent dating evidence for the duration of Cryogenian glaciations (27) . 174
Additional work is needed to refine the upper and lower limits of pCO 2 conducive 175 to climate and ice-sheet oscillations in Snowball Earth. Factors not included in the 176 present model, such as supraglacial dust or areas of ice-free tropical ocean (28) (29) (30) , 177
can be expected to make the Earth system more sensitive to orbital forcing. While 178 many details remain to be investigated, our overall conclusions remain robust. 179
The Neoproterozoic Snowball Earth was nuanced, varied and rich. We anticipate 180 that detailed studies of the rock record in other parts of the world, in conjunction 181 with numerical modeling studies, will continue to yield insight into the temporal and 182 regional diversity of this pivotal period in Earth history. 
